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Systemic and Nasal Delivery of Orexin-A (Hypocretin-1)
Reduces the Effects of Sleep Deprivation on Cognitive
Performance in Nonhuman Primates
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Hypocretin-1 (orexin-A) was administered to sleep-deprived (30 -36 h) rhesus monkeys immediately preceding testing on a multi-image
delayed match-to-sample (DMS) short-term memory task. The DMS task used multiple delays and stimulus images and effectively
measures cognitive defects produced by sleep deprivation (Porrino et al., 2005). Two methods of administration of orexin-A were tested,
intravenous injections (2.5-10.0 ug/kg, i.v.) and a novel method developed for nasal delivery via an atomizer spray mist to the nostrils
(dose estimated 1.0 g/kg). Results showed that orexin-A delivered via the intravenous and nasal routes significantly improved perfor-
mance in sleep-deprived monkeys; however, the nasal delivery method was significantly more effective than the highest dose (10 ug/kg)
ofintravenous orexin-A tested. The improvement in performance by orexin-A was specific to trials classified as high versus low cognitive
load as determined by performance difficulty under normal testing conditions. Except for the maximum intravenous dose (10 ug/kg),
neither delivery method affected task performance in alert non-sleep-deprived animals. The improved performance in sleep-deprived
animals was accompanied by orexin-A related alterations in local cerebral glucose metabolism (CMRgIc) in specific brain regions shown
previously to be engaged by the task and impaired by sleep deprivation (Porrino et al., 2005). Consistent with the differential effects on
performance, nasal delivered orexin-A produced a more pronounced reversal of sleep deprivation induced changes in brain metabolic
activity (CMRglc) than intravenous orexin-A. These findings provide strong evidence for the effectiveness of intranasal orexin-A in
alleviating cognitive deficits produced by loss of sleep.
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Introduction

Orexin-A (Hypocretin-1) is a potent sleep related peptide, re-
leased by specific neurons in the hypothalamus (Peyron et al.,
1998; van den Pol et al., 1998; Horvath et al., 1999; Lee et al.,
2005). Receptors for orexin-A are located on neurons in many
different brain regions making it possible for this peptide, once
released, to activate a large number of areas affected by sleep and
sleep deprivation (Hagan et al., 1999; Bourgin et al., 2000; Kilduff
and Peyron, 2000; Piper et al., 2000; Gerashchenko et al., 2001;
Yoshida et al., 2001; Wu et al., 2002; Peever et al., 2003; Lee et al.,
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2005; Mileykovskiy et al., 2005; Vittoz and Berridge 2006), It has
recently been shown that manipulation of this system via admin-
istration of a orexin antagonist can increase sleep in rats, dogs and
humans (Brisbare-Roch et al., 2007). The loss of orexin cells has
been shown to cause human and animal narcolepsy (Chemelli et
al., 1999; Lin et al., 1999; Nishino et al., 2000; Peyron et al., 2000;
Thannickal et al., 2000; Gerashchenko et al., 2001; Wu et al.,
2002; Mieda et al., 2004). Orexin-A has been shown to produce
arousal, increased attention, increased muscle tone and to coun-
teract the effects of narcolepsy (Hagan et al., 1999; John et al.,
2000; Siegel, 2004; Mileykovskiy et al., 2005). Orexin-A has been
shown to cross the blood—brain barrier by diffusion (Kastin and
Akerstrom, 1999; Kastin et al., 1999).

Because orexin cell loss causes narcolepsy and administration
of orexin reverses some of the deficits of canine narcolepsy (John
et al., 2000), administration of orexin might be hypothesized to
relieve sleepiness caused by sleep deprivation. In the following
report, the effects of administering orexin-A to monkeys engaged
in a cognitive task after 30-36 h of sleep deprivation are described
and the resulting changes in rates of local cerebral glucose metab-
olism (CMRglc) noted. This is the first instance in which
orexin-A has been administered systemically to a primate. We



14240 - ). Neurosci., December 26,2007 -+ 27(52):14239 14247

have determined that orexin-A applied via intravenous (i.v.) or
via nasal spray mist delivery can counteract the effects of sleep
deprivation in nonhuman primates and that the intranasal route
is more effective. Our findings suggest that intranasal orexin-A
administration may be useful in counteracting the effects of
sleepiness in sleep-deprived animals and humans, and perhaps in
humans with narcolepsy (Peyron et al., 2000; Thannickal et al.,
2000) and Parkinson’s disease (Fronczek et al., 2007; Thannickal
et al., 2007).

Materials and Methods

Subjects. All procedures were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of Wake Forest University,
and performed in accordance with established practices as described in
the National Institutes of Health Guide for Care and Use of Laboratory
Animals. Eight adult male rhesus monkeys (Macaca mulatta) weighing
(8.0-11.0 kg) were used in this study. They were individually housed in
stainless steel cages in temperature and humidity controlled colony
rooms with lighting maintained on a 6:00 A.M/6:00 P.M. on/off schedule
and fed a diet of monkey chow supplemented by fresh fruit to maintain
daily monitored body weight. Fluid intake was restricted in time and
amount such that a prescribed volume of an animal’s normal daily fluid
intake (80 ml/kg) was received either during the behavioral testing ses-
sion, or within 2 h of being returned to the home cage.

Behavioral testing. Each monkey was exposed to six different testing
conditions [Normal Vehicle, Alert orexin-A (i.v. and nasal), Sleep Depri-
vation, Sleep Deprivation + orexin-A (i.v. or nasal)], which required
11-14 test sessions for each of the eight monkeys. Animals were placed in
aprimate chair 1.5 m in front of an LCD-front-projection screen for daily
testing on a multi-image visual delayed match-to-sample (DMS) task
and performed 150300 trials per session (Hampson et al., 2004; Porrino
etal., 2005). Animals were trained to move a cursor tracked by a fluores-
cent marker attached to the back of the monkey’s hand into the images by
positioning the hand within a two dimensional coordinate system on the
chair counter. Stimuli consisted of clip art images projected as 25 cm
squares within a 3 X 3 position matrix onto a 1.0 X 1.0 m display. All
images were unique to a particular trial during a session and no image
was exposed on more than on one trial per session. Responses to appro-
priate stimuli were rewarded with diluted fruit juice delivered via a sipper
tube placed in front of the mouth. All animals were trained to a stable
baseline on the DMS task in which delay varied randomly from 1 to 90 s
on a given trial, and the number of non-match stimuli (images) varied
randomly from 1 to 7 in the Match phase of the task. As shown previously
performance accuracy varied directly with duration of delay and number
of non-match images (#images) presented in the Match phase (Hampson
et al., 2004; Porrino et al., 2005). Sets of stimulus images were routinely
changed every 2 weeks to maintain the trial-unique feature of each ses-
sion. Animals performed the task on consecutive days each week.

Sleep deprivation procedure. Sleep deprivation consisted of 30-36 h of
continuous sleep prevention and wakefulness supervised continuously
by laboratory personnel as previously verified using EEG recordings of
sleep architecture. On sleep deprivation nights animals were maintained
in a cage separate from their home cage in a continuously lighted room
and kept awake with videos, music, occasional treats, gentle cage shaking,
and interaction with technicians (working in 3 h shifts) through the
night, until the usual daily testing time the next day. After testing animals
were returned to their home cage and allowed to sleep. In a previous
investigation (Porrino et al., 2005) evidence was provided that changes in
brain imaging correlates of local glucose utilization during the DMS task
(see below) were consistent with simultaneously recorded EEG changes
produced by 30—36 h of sleep deprivation. Hence, replication of the same
brain imaging correlates of sleep deprivation in this study verified that
each animal was tested in the same sleep loss condition as reported pre-
ciously. Intervals of 10 d, mandated by IACUC regulations, were inter-
spersed between sleep deprivation episodes for each animal. There were
no residual effects of the 30—36 h sleep deprivation regimen on testing
24 h afterward at which time animals had returned to their normal sleep
patterns.
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Drug administration. Orexin-A was mixed in saline for intravenous
injections and in sterile water for nasal application. For intravenous ad-
ministration orexin-A (#003-30; Phoenix Pharmaceuticals, Mountain
View, CA) was dissolved in physiological saline as a stock solution of 200
pg/ml which was then diluted in saline to inject 3 different doses of 2.5,
5.0 and 10.0 pg/kg via an indwelling catheter placed in either the femoral
or jugular vein using a glass syringe. The glass syringe was presoaked in
1% BSA, rinsed in Milli-Q water then dried at 60°C before use. Only the
5.0 and 10.0 mg/kg doses of i.v. orexin were administered to sleep-
deprived animals. Nasal orexin-A was administered via an atomizer that
was operated by a computer controlled pressure valve that regulated
delivery in 50 ms epochs via a spray mist ejected from the tip of the
atomizer that was placed within 5-10 cm of the animals face in the region
of the nostrils. Two 50 ms spray bursts were delivered to animals on each
occasion of nasal orexin-A administration immediately before behav-
ioral testing. The concentration of orexin-A in the spray solution (25.0
pg/ml) was arrived at through preliminary investigations in two anesthe-
tized monkeys comparing different doses of i.v. orexin-A that did not
result in immediate increases in orexin levels in cisterna magna CSF
measured by RIA (baseline orexin level: 71.7 = 1.3 pmol vs 10 ug/kg i.v.
dose: 67.8 = 0.6 pmol), with application directly to the nasal mucosa
which produced increased levels of orexin in CSF (155.6 = 6.2 pmol) in
samples collected 10 min after application. Animals were thoroughly
habituated to the spray delivery method by subjecting them routinely to
similar sprays of saline or sterile water immediately before each days
testing regardless of condition.

Statistical analyses. Statistics were performed on behavioral measures
of percentage correct performance versus cognitive load and treatment in
the DMS task as a repeated measures ANOVA using the SAS PROC GLM
General Linear Model which allowed analyses in a repeated measures
multifactor ANOVA, and the ability to compensate for unequal case
numbers in the statistical model. Main effect factors in the design in-
cluded Cognitive Load (overall, lowload, high load), Orexin Dose (Saline
vehicle, 2.5 ug/kg i.v., 5.0 ug/kg i.v., 10.0 ug/kg i.v., and 1.0 ug/kg intra-
nasal) and Sleep Deprivation (alert, SD). PROC GLM calculated inde-
pendent effects of Dose and SD as well as Dose X SD interaction against
the repeated measures of Load, then calculated interaction terms for
different levels of Load (overall, High and Low) with Dose and SD. In-
teraction terms of the three-factor ANOVA were calculated in two stages:
Dose and SD (between subjects) and Load versus Dose with Load versus
SD (within-subjects). Because the ANOVA was not completely balanced
attributable to the fact that the 2.5 ug/kg i.v. Orexin dose was not tested
under SD conditions; the 2.5 ug/kgi.v. data were omitted from between-
subjects tests of Dose and SD, and only included the 2.5 pg/kg i.v. in the
within-subjects tests for the effects of Load. Individual post hoc tests
consisted of linear contrasts (Neter and Wasserman, 1974) consisting of
orthogonal pairwise comparisons across individual levels of the Load,
Dose and SD factors. The experimental design was fully randomized with
respect to i.v. doses of Orexin and Sleep Deprivation conditions. How-
ever, the procedures were not completely counterbalanced because the
testing of nasal orexin-A occurred a minimum of 2 weeks after the i.v.
drug testing, during which time each animal’s performance was required
to return to criterion (Alert) performance levels when administered nasal
saline for control purposes before testing with nasal orexin-A.

Measurement of local rates of cerebral glucose metabolism. Measure-
ments of rates of CMRglc were made in eight monkeys within four dif-
ferent test conditions: normal alert DMS task i.v saline; DMS task-Sleep
Deprivation i.v. saline; DMS task-Sleep Deprivation + orexin-A (i.v. or
nasal). All animals (n = 8) were acclimated to the PET scan sessions to
the extent that performance was not influenced by the injection or blood
collection procedures. On the day of the scan the monkeys were placed in
primate chairs and received a 30 s injection of 3-5 mCi of [ '*F]-2-deoxy-
2-fluoro-p-glucose (FDG). The DMS task was initiated 5-10 min later
and was performed for a total of 40 min (80—100) trials while the FDG
was incorporated and taken up by cells during performance in the DMS
task. After 40 min, animals were anesthetized with ketamine (15 mg/kg,
i.v.) and transported to the PET scanner. After scan acquisition, monkeys
were transported back to their home cages and continuously monitored
until fully recovered. Effects of anesthesia and other factors associated
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with the PET scanning procedures were previously assessed and shown to
not influence measures of isotope uptake (Porrino et al., 2005).

To calculate glucose uptake, tracer concentrations were measured in
blood samples using an automated gamma well counter from three blood
samples collected from the femoral vein at 10 min before tracer injection
and 8 and 42 min after injection. A population-averaged FDG blood
curve (calculated for monkey) was scaled to the measured blood curve
for the time period from injection to the end of the PET scan (Takikawa
etal., 1993). Data were transformed to CMRglc based on the operational
equation (Sokoloff et al., 1977; Phelps et al., 1979). Rate constants (k1, k2,
and k3) and lumped constant as determined in monkey by Kennedy et al.
(1978), along with a k4 value used in human studies (Phelps et al., 1979).
PET scans were performed with a General Electric (GE) Advance NXi
PET scanner with a resolution of 4.0 mm and consisted of a 5.0 min
transmission scan acquired in 2D mode, followed by a 10.0 min emission
scan acquired in 3D mode. The image reconstruction of the 3D data used
the 3D-reprojection method with full quantitative corrections and
smoothed using a 4.0 mm Gaussian filter transaxially and then seg-
mented. Data were corrected for attenuation and reconstructed into 128
by 128 matrices using a Hanning filter with a 4.0 mm cutoff transaxially
and a ramp filter with an 8.5 mm cutoff axially.

PET data were analyzed with Statistical Parametric Mapping (SPM99)
software (http://www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB
(MathWorks, Natick, MA). Reconstructed images for each scan from
each of the 8 monkeys were coregistered to corresponding structural MR
images obtained on a 1.5-T MR scanner (GE Medical Systems, Milwau-
kee, WI) using automated image registration (Woods et al., 1993) and
then transformed spatially into a standard space with an FDG template
for rhesus monkeys constructed in our laboratory based on procedures of
Black et al. (2001). Resultant images were smoothed using a 2 mm iso-
tropic Gaussian kernel with a voxel size of 1 X 1 X 1 mm. Scans were
normalized for differences in global activity by proportional scaling. Ef-
fects at each voxel were estimated according to the general linear model
using the multisubject conditions and covariates option in SPM. Statis-
tical maps were created for comparisons of the five different experimen-
tal conditions: Normal Alert saline (i.v. and nasal) versus Normal Alert
Orexin (i.v. or nasal); Sleep Deprivation (i.v. and nasal) versus Normal
Alert saline (i.v. and nasal); Sleep Deprivation saline (i.v. and nasal)
versus Sleep Deprivation + Orexin-A (i.v. or nasal) and Sleep Depriva-
tion + 1.v. Orexin-A versus Sleep Deprivation + nasal Orexin-A. Explor-
atory analyses used a minimum voxel height (magnitude) threshold of
p < 0.01 and a minimum cluster size of 50 voxels. A region of interest
(ROI) analysis was conducted including dorsolateral prefrontal cortex
(DLPFC), medial temporal lobe (MTL), thalamus (Thal), and dorsal
striatum (Str), selected based on previous analyses in these same contexts
(Porrino et al., 2005). Spherical ROIs were constructed on a structural
MR template using the MarsBaR toolbox contained in SPM. Statistical
significance for the 4 comparisons described above was determined with
a threshold value of p < 0.05 corrected for the search volume. Areas of
activation were displayed on a T1 weighted anatomic MRI template then
identified with reference to standard atlases of the primate brain (Black et
al., 2001).

Results

Effects of orexin-A on DMS performance during normal and
sleep-deprived conditions

The propensity for orexin-A to alleviate the effects of sleep depri-
vation was examined by administering the peptide to monkeys
that had been sleep deprived 30—36 h before testing in the DMS
paradigm. To control for any effects of orexin not related to sleep
deprivation, animals were administered orexin-A i.v. and tested
in the alert state after their normal 12 h sleep cycle. For compar-
ison orexin-A was administered either i.v. or via nasal spray 10
min before testing on the day after a single night (30-36 h total)
of sleep deprivation in the same animals. Results are described
below in relation to 1) effects of orexin-A on DMS performance
in sleep-deprived monkeys and 2) comparison of orexin-A deliv-
ered via the two routes, intravenous or nasal spray. In addition
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Figure 1.  Effects of i.v. orexin-A on DMS performance in normal alert (non-sleep-deprived)

monkeys. Three different dose levels (2.5, 5.0, and 10.0 1g/kg) of orexin-A were administered
10 min before the session at the normal daily testing time. Similar sessions in which i.v. saline
was administered in the same manner as orexin are also shown. Overall performance is shown
as mean == SEM for all trials (gray bars) and for low (cognitive) load (white bars) and high
(cognitive) load (black bars) load trials. Horizontal line shows mean performance level over all
saline trials for comparison of other means. *p << 0.01, **p << 0.001 relative to similar trial
categories in saline sessions.

the influence of orexin-A on local cerebral glucose metabolism
(CMRglc) measured during performance of the task are pre-
sented corresponding to each of the above test conditions.

Performance of DMS task by alert (non-sleep-deprived) monkeys

Performance of this version of the DMS task has been described
in detail in previous publications (Hampson et al., 2004; Porrino
et al., 2005) and was not different in the animals tested in this
study except that delay parameters and number of distracter im-
ages in the “match” phase of the task were increased over the
previously reported testing conditions. Performance in each
DMS session was classified on the basis of trial rankings with
respect to cognitive load (see Materials and Methods): long du-
ration (6090 s) trials with more distracter images (6—8) were
defined as high cognitive load (high load) trials, whereas trials
with short delays (1-15 s) and few distracter images (1-3) con-
stituted low cognitive load (low load) trials. In addition, mean
performance over all trials is also reported as shown in Figure 1
(Saline). DMS performance under alert normal conditions was
assessed in animals tested after a standard sleep period (12 h light/
dark cycle) with saline vehicle administered either i.v. or via nasal
spray 5—8 min before testing as shown in Figure 1 (Saline). Saline
control (vehicle only) sessions were interspersed between
orexin-A testing or sleep deprivation sessions within the same
weekly testing period and at least one control session interspersed
between each orexin-A test session. DMS performance under
each condition was analyzed with a multifactor ANOVA with
Dose and Sleep Deprivation as independent variables, and Cog-
nitive Load as a repeated measure (see Materials and Methods).
Results of the analysis reveled significant Main Effects of Load
(Fa,503) = 9.56, p < 0.001) Dose (i.v. and nasal; F, 503y = 3.42,
p < 0.01) and Alert versus Sleep Deprivation conditions (F(, 5,3
= 11.71, p < 0.001). The analysis also tested the following Inter-
actions: Load versus Dose (F g 503y = 2.96, p < 0.05), Dose versus
Sleep Deprivation (F 4 503y = 4.08, p < 0.01), Load versus Sleep
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Figure 2.  Effects of i.v. orexin-A on DMS task performance in monkeys sleep deprived for

30-36 h. Performance was significantly impaired (SD, saline) compared with normal alert test
sessions (Alert, saline). Intravenous orexin-A administered 10 —15 min before testing in sleep-
deprived animals partially reversed the detrimental effects on performance (SD + IV Orexin, 5.0
and 10.0 wg/kg). Trials were sorted according to cognitive load as in Figure 1. Horizontal line
shows mean over all trials in normal alert saline sessions. *p << 0.01, **p < 0.001 indicate
comparisons with similar trial types in non-sleep-deprived saline sessions; p < 0.01, *p <
0.001 indicate comparisons between i.v. orexin-A at different doses and i.v. saline sleep-
deprived sessions.

Deprivation (F, 503y = 2.84, N.S.) and the three-factor interac-
tion of Load, Dose and Sleep Deprivation (Fg 505y = 3.17, p <
0.01). Given the significant Main Effects and Interactions, pair-
wise linear contrasts (F; s03) were performed on the means of
individual conditions and reported in the following sections.

Effects of systemic (i.v.) administered orexin-A on normal and
sleep-deprived DMS performance

Orexin-A was administered i.v. in three different doses (2.5, 5.0
and 10.0 ug/kg) to alert (non-sleep-deprived) monkeys immedi-
ately before testing. Figure 1 shows a dose-related trend toward
reduced performance across all trial types as the dose increased
from 2.5 ug/kg, which reached significance at the10.0 pg/kg dose
level (Overall mean 10 ug/kg dose compared with saline control:
F1 503y = 6.81, p < 0.001; Low-load trials: F; 505y = 5.77, p <
0.01; High-load trials: F(, 503y = 11.25, p < 0.001).

The same monkeys were sleep deprived for 30-36 h then re-
ceived intravenous injections of orexin-A immediately before
their normal daily DMS testing time. As reported previously
(Porrino et al., 2005) monkeys that were sleep deprived per-
formed significantly worse than in normal alert conditions as
shown in Figure 2 (alert versus sleep deprived) (F(; 5035, = 10.49,
p < 0.001). Compared with the sleep-deprived i.v. saline condi-
tion, both doses of i.v. orexin-A (5.0 and 10.0 ug/kg) significantly
elevated performance in sleep-deprived animals (Overall:
F(1.503>15.96, p < 0.001; Low-load: F, 505, >12.63, p < 0.001;
High-load: F, 503, > 6.92, p < 0.01), however neither dose re-
stored performance to that of the alert condition (F(, 503, < 2.51,
N.S.). Figure 2 also shows a differential effect of the i.v. orexin-A
on high versus low cognitive load trials. Mean performance on
low-load trials at both doses of i.v. orexin-A (5.0 and 10.0 ug/kg)
was similar to Alert conditions (F; 503, = 2.51, N.S.). Although
performance was significantly improved on high and low load
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Figure 3.  Effects of nasal orexin-A (1.0 wg/kg) on DMS performance of alert and sleep-

deprived monkeys. Left, There were nossignificant effects of nasal orexin-A on mean percentage
correct (== SEM) performance over all trials. Low- or high-load trials, in the alert (non-sleep-
deprived) condition. Right, Effects of 30 —36 h sleep deprivation (SD) on performance of mon-
keys exposed to nasal saline or vehicle spray mist (Saline) 5—10 min before DMS testing. Appli-
cation of nasal orexin-A spray (1.0 .g/kg) reversed the detrimental effects of 3036 h sleep
deprivation (SD) by significantly improving overall mean percentage correct (== SEM) perfor-
mance (SD, Nasal Orexin) as well as performance on low-load and high-load trials. **p << 0.001
compared with nasal saline alert; ¥p << 0.001 compared with nasal saline sleep deprivation
(SD).

trials for both doses (5.0 and 10.0 wg/kg) of i.v. orexin-A relative
to sleep-deprived i.v. saline sessions (i.v. orexin-A versus i.v. sa-
line, F(, 503y > 7.01, p < 0.01), high load trials showed a residual
effect of sleep deprivation when compared with alert testing con-
ditions (High-load: Alert. versus Sleep Dep: F(, 503y > 6.88, p <
0.01, for both doses).

Effects of intranasal orexin-A on normal alert and
sleep-deprived performance
Orexin was mixed in a saline solution and sprayed in a mist
through a pulsed pressurized atomizer held directly in front of
the monkey’s nostrils. The pulse duration was controlled by a
computer and was set to 50 ms. The concentration of orexin-A in
the atomizer vial was 25 ug/ml and the estimated spray volume
was 0.04 ml, yielding a delivered dose estimate of 1.0 ug/spray.
Two 50 ms duration sprays delivered 25 s apart aimed to within
5-10 cm of the animal’s nostrils were administered 3—5 min be-
fore testing in both the alert normal condition, as well as after
30-36 h of sleep deprivation. Each animal was thoroughly habit-
uated to the procedure by administering a saline or sterile water
only spray in the same manner as the orexin-A spray before every
control (vehicle) session reported, including all nondrug sleep
deprivation sessions. Because each animal received the same ex-
posure to the vehicle spray over nearly all testing sessions, the
spray containing orexin-A could be delivered in a consistent
manner that was not different from vehicle sprays. All compari-
sons of normal alert and sleep-deprived sessions were with re-
spect to vehicle versus orexin-A spray administered immediately
before testing.

The effects of the nasal orexin-A spray in both normal alert
and sleep-deprived sessions are shown in Figure 3. Nasal
orexin-A had little or no effect on DMS performance under nor-
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Figure 4.  Effects of nasal orexin-A (1.0 g/kg) on performance of extended delay trials in

DMS task. Performance data in Figure 3 are plotted with mean percentage correct (== SEM)
performance on more difficult DMS trials with extended (90—120 s) delays (stippled bars).
Performance on extended delay trials was significantly lower under all three conditions (normal
alert, nasal saline sleep deprived and nasal orexin-A sleep deprived) relative to low-load trials in
the same sessions (*/F; 5g5) > 32.91, p < 0.001). Under sleep-deprived conditions, mean
percentage correct (* SEM) performance on extended delay trials after delivery of nasal
orexin-A was significantly higher (*F“,m) = 26.30, p < 0.001) than extended delay, overall,
or high-load trials in saline sleep deprivation sessions (SD Saline).

mal alert testing conditions. Neither was performance signifi-
cantly altered on either low-load or high-load trials as was ob-
served with i.v. orexin-A (Fig. 2). However, the surprisingly
strong influence of nasal orexin-A in improving performance of
the same monkeys when sleep deprived is shown on the right in
Figure 4, and was in marked contrast to: 1) the effects of nasal
orexin-A delivered in the same manner on normal alert sessions
(Fig. 3, Alert), and 2) the lesser effect of i.v. orexin-A adminis-
tered to the same group of animals when sleep deprived (Fig. 2).
The nasal orexin-A spray reversed the detrimental influence of
sleep deprivation on low-load trials by returning performance to
normal alert levels (F(; 505 = 8.19, p < 0.01 versus SD. Saline;
F(1 503y = 1.14, N.S. versus Alert Saline). More surprising how-
ever, nasal orexin-A elevated performance above normal alert lev-
els on high-load trials (F, 503y = 9.07, p < 0.001) which, com-
pared with performance after control (saline) nasal spray in
sleep-deprived animals (F(, 503y = 17.53, p < 0.001), constituted
a considerable improvement (Fig. 3). To examine this latter effect
in more detail, performance was compared on trials with extended
delays of 120 s interleaved with regularly scheduled delays to further
increase the difficulty (i.e., load) of High-load trials. Figure 4 shows
the same data (as in Fig. 3) but with the extended delay trials added to
indicate that performance on these type trials after nasal orexin-A
exposure was also significantly above control sleep-deprived sessions
(F(1.503) > 22.36, p < 0.001). The latter finding further indicates that
the impact of the nasal orexin-A was more substantial on high-load
difficult trials in sleep-deprived animals than trials of low cognitive
load in the same condition (Figs. 3, 4).

For purposes of comparison, performance under sleep-
deprived i.v. orexin-A and sleep-deprived nasal orexin-A sessions
are plotted on the same graph in Figure 5. There was no signifi-
cant difference in baseline sleep-deprived vehicle performance
between the two test conditions. However, it is clear that the nasal
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Figure 5.  Comparison of i.v. orexin-A and nasal orexin-A on reversal of the effects of sleep

deprivation (SD) on DMS performance. The same performance data as in Figures 1 and 3 are
plotted to show comparison of effects of two delivery methods on mean percentage correct (==
SEM) performance relative to very similar saline sleep deprivation (SD) performance levels
(dotted line). **p << 0.001, difference relative to each respective saline sleep deprivation con-
dition; ¥p < 0.0071, difference betweeni.v. versus nasal orexin A in sleep deprivation condition.

orexin-A spray was significantly more effective 1) on high-load
trials (black bars) and 2) overall trials (gray bars), than the highest
dose (10.0 ug/kg) of i.v. orexin-A (F; 503, = 17.49, p < 0.001).
Thus nasal administration of orexin-A, although estimated to be
significantly lower (1.0 ug/kg) in dose, proved to be more potent
than even the relatively high (10.0 ug/kg) dose of orexin-A deliv-
eredi.v. (Johnetal.,2000,2003). Figure 5 demonstrates that nasal
delivery of orexin-A was not only a selective means of increasing
performance on high-load trials (i.e., there was no difference
between i.v. and nasal orexin-A on low-load trials), but the in-
crease was substantial enough to return mean performance
across animals to normal alert levels which was not achieved by
the highest dose of i.v. orexin-A.

Rates of local cerebral glucose metabolism during DMS

task performance

All animals were assessed for changes in local cerebral glucose
metabolism rates (CMRglc) associated with the reversal in cog-



14244 - ). Neurosci., December 26, 2007 -+ 27(52):14239 14247

nitive performance deficits produced by
the two methods of delivery of orexin-A
(i.v. and nasal) to sleep-deprived monkeys.
Statistical parametric maps using SPM5
software (University College London) were
generated for comparisons of relative CM-
Rglc across the 8 different monkeys used
in the above cognitive tests. The '*F-
flurodeoxyglucose (FDG) isotope was in-
jected immediately before each session and
afterward animals were anesthetized and
transported to the PET scanner within 90
min to image FDG uptake during perfor-
mance of the DMS task.

Effects of sleep deprivation on CMRglc

In a previous study we provided compre-
hensive analyses of changes in local CMR-
glc in specific brain regions associated with
performance of the DMS task and how
task-related local CMRglc in those same ar-
eas was altered in monkeys that had been
sleep deprived (Porrino et al., 2005). Sleep
deprivation produced both increases and
decreases in relative CMRglc in specific
brain regions that were engaged during
performance of the DMS task as shown in
Figure 6 (left). Comparing CMRglc in the
sleep deprivation condition with the nor-
mal alert task condition revealed signifi-
cant decreases bilaterally in the dorsolat-
eral prefrontal cortex (DLPEC; left: + =
7.75, p < 0.001; right: £ = 4.61, p < 0.01),
and in the dorsal striatum (Str; left: ¢+ =
3.24; p < 0.04; right: t = 4.17. p < 0.013).
In contrast significant increases in CMRglc
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Sleep Deprived +
Nasal Orexin
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+ IV Orexin
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Deprived vs.

Figure 6.  Orexin-A reverses the effects of sleep deprivation on brain regional CMRglc changes measured during DMS task
performance. Difference images of PET scans obtained in the each of the two experimental conditions indicated at the top of each
column are shown as composites for all monkeys (n = 8) plotted on representative coronal MRI images. Scaled color changes
(color bar, farright) indicate magnitude of local CMRglc during performance of the DMS task as determined from SPM constructed
voxel maps. Each column shows three different rostrocaudal brain levels toillustrate changes in specific brain regions engaged by
the task. Left, Local C(MRglc in the three indicated brain regions was differentially altered by sleep deprivation compared with
alert sessions as shown by decreased CMRglc in DLPFC, Str, Thal, and increased CMRglc in MTL. Middle, Administration of i.v.
orexin-A (10.0 eg/kg) to the same monkeys that were sleep deprived and tested in the same manner (Fig. 2) showed increased
local CMRglcrelative to sleep-deprived saline sessions in DSLFC, Str, and Thal and decreased CMRglcin MTL. Right, Administration
of nasal orexin-A (1.0 ug/kg) to sleep-deprived monkeys produced marked increases in local CMRglc relative to sleep-deprived
saline sessionsin DSLFC, Str, and Thal and as well as decreased CMRglcin MTL. Color scale at right depicts degree of increase (red
to yellow) or decrease (dark blue to light blue) in local CMRglc relative to comparison image. DLPFC, Dorsolateral prefrontal
cortex; Str, striatum; Thal, thalamus; MTL, medial temporal lobe.

occurred in the medial temporal lobe

(MTL; left: £ = 3.66, p < 0.014; right: t = 4.3, p < 0.003) in the
same animals. In addition, a large decrease in CMRglc was ob-
served in the thalamus (Thal; left: t = 6.11, p < 0.003; right: t =
3.84, p < 0.02) during performance of the task in the sleep depri-
vation condition. All of the above changes in CMRglc in sleep-
deprived monkeys were similar to those reported previously
(Porrino et al., 2005).

Effects of i.v. orexin on CMRglc in sleep-deprived monkeys

Administration of the highest dose (10.0 pg/kg) of i.v. orexin-A
to sleep-deprived monkeys produced significant changes in CM-
Rglc in each of the brain regions affected by sleep deprivation
during performance of the task. Local CMRglc in the DLPFC in
the right hemisphere (Fig. 6, middle) was slightly elevated by i.v.
orexin-A in sleep-deprived animals compared with levels that
were decreased during sleep deprivation conditions (right: t =
2.09, p < 0.047). Similar increases from reduced i.v. saline sleep
deprivation levels were observed bilaterally in the Str (left: + =
5.01, p < 0.009; right: t = 5.68, p < 0.005) and Thal (right: t =
2.82; p < 0.03) in sleep-deprived animals injected with i.v.
orexin-A (10 ug/kg). Significant decreases in CMRglc were ob-
served in the MTL (right: + = 3.23, p < 0.018) in the sleep-
deprived + i.v. orexin-A CMRglc (10 pg/kg) condition which
constituted a directional change from elevated levels in i.v. saline
sleep deprivation sessions (Fig. 6, middle bottom). Thus, DLPFC
and Str showed significant increases during DMS task perfor-
mance under sleep-deprived conditions after i.v. orexin-A (10

png/kg), whereas MTL showed a significant decrease, which is
consistent with previous findings showing changes in CMRglc
associated with improvement in performance under sleep-
deprived conditions (Porrino et al., 2005). However, the partial
reversal of the effects of sleep deprivation in Thal by i.v. orexin-A
(10 pg/kg) in sleep-deprived monkeys has not been observed in
previous investigations from this laboratory.

Effects of nasal orexin on CMRglc in sleep-deprived monkeys

The administration of nasal orexin-A as a spray mist (1.0 ug/kg)
to sleep-deprived monkeys also produced significant changes in
CMRglc in each of the four brain regions affected by sleep depri-
vation in the same sessions in which performance was returned to
normal alert levels (Figs. 3, 4). CMRglc in the DLPFC was signif-
icantly elevated bilaterally (Fig. 6, right) compared with nasal
saline sleep deprivation sessions (left: + = 7.25, p < 0.001; right:
t = 5.64, p < 0.008). Similar increases were found bilaterally in
Str (left: t = 9.33, p < 0.001, right: ¢ = 4.48, p < 0.02) and Thal
(left: t = 3.16, p < 0.01; right: t = 22.03; p < 0.001). As with i.v.
orexin-A (10 ug/kg), significant decreases in CMRglc were ob-
served in the MTL (left: t = 3.59, p < 0.023) relative to the sleep
deprivation alone baseline condition. Thus, the pattern of CMR-
glc changes in the DLPFC, Str, MTL and Thal (Fig. 6, right) in
sleep-deprived monkeys after administration of nasal orexin-A
was similar to i.v. orexin-A, however the magnitude of the CM-
Rglc changes were markedly different, consistent with the
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marked differences in the effects of the two methods of delivery
on performance shown in Figure 5.

Comparison of nasal versus i.v. orexin-A on CMRglc

To directly assess differences in the routes of administration, the
PET scans obtained in the same monkeys under i.v. orexin-A
versus nasal orexin-A were compared by analyzing the differ-
ences in CMRglc between the respective drug delivery sleep de-
privation conditions. Analyses of differences between the two
delivery methods revealed that nasal orexin-A produced greater
increases than i.v. orexin-A in CMRglc bilaterally in DLPFC (left:
t = 3.54, p < 0.05; right: t = 7.18, p < 0.003), Str (left: t = 3.10,
p < 0.05; right: t = 3.39, p < 0.033) Thal (left: 3.68, p < 0.035;
right: t = 3.52, p < 0.05) as well as decreased CMRglc in MTL
(left: t = 6.53, p < 0.008; right: t = 9.66, p < 0.003). Given the fact
that both methods were compared in sleep-deprived animals, the
results strongly suggest that the difference in potency for reversal
of the sleep deprivation effects on regional CMRglc was the basis
for the corresponding difference in degree of improved perfor-
mance under sleep-deprived conditions (Fig. 5).

Discussion
The above results show that: 1) orexin-A, administered either
intravenously (i.v.) or via nasal spray was an effective agent for
reducing or reversing the effects of sleep deprivation on perfor-
mance of the DMS task (Figs. 2-5), 2) Orexin-A delivered by both
methods also significantly reduced or reversed changes produced
by sleep deprivation on local brain CMRglc during performance
of the DMS task (Fig. 6), 3) the nasal route of administration of
orexin-A was more effective with respect to both of these effects
than if administered i.v. (Fig. 5), and 4) neither i.v. nor nasal
orexin-A produced facilitative effects if the animals were not
sleep deprived. Moreover, by completely reversing the effects of
sleep deprivation on high cognitive load trials and showing larger
reversals of local CMRglc levels in brain regions engaged by the
DMS task, delivery of orexin-A via the nasal route was also likely
more potent because the nasal spray (estimated to be 1.0 ng/kg)
was only ~Vio of the most effective i.v. dose (10.0 ug/kg). An-
other difference was the slight but significant performance im-
pairment of i.v. orexin-A at the highest dose (10.0 mg/kg) in alert
animals (Fig. 1) which was not observed with nasal orexin-A (Fig.
3). It is possible, because of this detrimental effect in alert ani-
mals, that the 10.0 ug/mg dose produced other side effects, which
limited its ability to reverse the effects of sleep deprivation. How-
ever, the lower 5.0 ug/kg dose did not produce significant effects
in alert animals and was effective in reversing the cognitive defi-
cits in sleep-deprived animals. It is possible, therefore, that the
action of orexin-A in alert animals, administered systemically at
relatively high doses, may not be the same as when administered
to the same animals when sleep deprived because of different
levels of hypocretin-1 receptor activation (John et al., 2000; Hara
et al., 2001; Kiyashchenko et al., 2002; Lee et al., 2005).
Orexin-A is a peptide found in all mammalian brains that
have been examined. Orexin cells are localized to the hypothala-
mus (Peyron et al., 1998; van den Pol et al., 1998; Nambu et al.,
1999; Kilduff and Peyron, 2000; Fadel and Deutch, 2002). Direct
injection of orexin into the brain has been shown to increase
alertness and muscle tone (Hagan et al., 1999; Bourgin et al.,
2000; Piper et al., 2000). In addition several reports have demon-
strated the correspondence between orexin-A release and the
sleep-wake cycles of rodents, monkeys and humans (Edgar et al.,
1993; Chemelli et al., 1999; Nishino et al., 2000; Taheri et al.,
2000; Hara et al., 2001; Yoshida et al., 2001; Kiyashchenko et al.,

J. Neurosci., December 26, 2007 « 27(52):14239-14247 « 14245

2002; Wu et al., 2002; Zeitzer et al., 2003; Lee et al., 2005). Orexin
containing neurons are inactive in sleep and maximally active in
waking states characterized by exploratory activity (Lee et al.,
2005; Mileykovskiy et al., 2005). Recently, the importance of this
endogenous system for sleep cycle regulation was demonstrated
by the use of the selective orexin receptor antagonists, including
ACT-078573 (Actelion Pharmaceuticals), in rodents, dogs, and
man (Smart et al., 2001; Soffin et al., 2002; Brisbare-Roch et al.,
2007; Rasmussen et al., 2007).

The results reported here support the above findings and show
that systemically administered (i.v.) orexin-A exhibited some ef-
ficacy at relatively high doses (10.0 pg/kg) in alleviating the del-
eterious effects of sleep deprivation on cognitive performance
(Figs. 2, 3). However, the relative financial expense and the lack of
bioavailability of orexin-A coupled with drastically different po-
tency when injected i.v. versus centrally (Kiyashchenko et al.,
2001; Vittoz and Berridge, 2006) has precluded systemic
orexin-A as a candidate for controlling the effects of sleep depri-
vation (Haraetal.,2001). We show here that these limitations can
be greatly overcome by delivering orexin-A via nasal spray which
proved superior to systemically delivered orexin-A both in terms
of enhancing performance in sleep-deprived monkeys as well as
reversing the effects on altered CMRglc levels in key brain areas
affected by sleep deprivation.

The correlation between the effects of nasal orexin-A in re-
versing the effects of sleep deprivation on DMS task performance
and the concomitant differential reversal of CMRglc changes in
DLPFC, Str, and MTL associated with those performance deficits,
is consistent with our previous findings which used the ampakine
CX717 (Cortex Pharmaceuticals), a drug with completely differ-
ent pharmacological actions, to demonstrate similar effects (Por-
rino et al., 2005). The most logical explanation for this is that
orexin-A produced a reversal of the compensatory increase in
MTL CMRglc associated with the loss of glucose utilization in
DLPEFC attributable to sleep deprivation. The decrease in MTL
after orexin-A administration to sleep-deprived animals there-
fore reflected a reversal of the compensatory increase in MTL
activity that occurred when DLPFC activity was reduced in sleep-
deprived animals. It has been previously demonstrated that the
reversal of these two conditions establishes the same relative in-
crease in CMRglc levels in both regions exhibited when the ani-
mals perform the task under Alert (non-sleep-deprived) condi-
tions (Porrino et al., 2005).

The correspondence in actions of the two compounds is sup-
ported by recent evidence showing that selective inactivation of
orexin-A receptors in CA1 region of hippocampus impairs mem-
oryin rodents (Akbari et al., 2006). Another possible basis for the
facilitation in performance by orexin-A was that, unlike CX717
(Porrino et al., 2005), orexin-A administered by both routes (na-
sal and i.v.) reversed the effects of sleep deprivation on CMRglc
levels in the thalamus (Fig. 6), a brain region highly susceptible to
sleep deficits in humans (Thomas et al., 2000; Drummond and
Brown, 2001; Lambe et al., 2005). The fact that nasal orexin-A
was effective in reversing performance on High-load trials, even
to a greater extent than in normal alert sessions, suggests that: 1)
high cognitive load trials engage either different brain processes
or the same processes to a greater extent than low cognitive load
trials, and 2) “high load cognitive processes” may recruit many
neurons that have orexin receptors that can be activated more
effectively by peptide delivery via the nasal route (Fig. 5). Support
for this assumption is provided by the large differences produced
by nasal orexin-A on CMRglc levels in DFPC, Str and MTL com-
pared with i.v. orexin-A administration. Another positive control
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for the specificity of this effect was the fact that the same increase
in CMRglc levels were observed in the thalamus as a function of
either delivery method (Fig. 6, Thal).

Delivery of orexin-A via the nasal route has been reported
previously to be more effective than i.v. administration in terms
of peptide binding to orexin receptors in the CNS in anesthetized
mice (Hanson et al., 2004). Inhalation has been shown to be an
effective means of delivery for a number of peptides, which can-
not be delivered effectively in blood because of excessive protein
binding (McFarland and Beeson, 2002; Trombetta and Mellman,
2005). However the effectiveness of nasal orexin-A indicates that
the nasal mucosa is a reliable means of delivery for the peptide to
gain accessibility to important task-relevant brain processes
whose CMRglc levels were completely reversed from the de-
creased levels produced by sleep deprivation. This was supported
by our preliminary observations of marked differences in CSF
levels of orexin measured within 10 min of delivery by the nasal
route (see Materials and Methods).

The current findings provide additional evidence for the in-
volvement of the sleep peptide orexin-A in the regulation of im-
portant cognitive processes that are affected by physiological per-
turbations such as sleep deprivation. The results demonstrate
that orexin-A can reverse the cognitive performance deficits pro-
duced by sleep deprivation (Figs. 2, 4), as well as reverse region-
ally specific CMRglc levels in task-related brain regions (Fig. 6).
This suggests that orexin-A has effects that go beyond mere global
arousal, and may be involved in reactivating specific brain mech-
anisms required for optimal performance in a task requiring both
attention and working memory (Hampson et al., 2004). The
demonstration that orexin-A delivered via nasal spray in nonhu-
man primates is capable of reversing so many different behavioral
and brain attributes affected by sleep deprivation provides a new
basis for examining the actions of this and other brain peptides
whose systemic delivery was heretofore not practical because of
unknown interactions with constituents in blood and other ab-
sorption problems. Although it is possible that the reversal of the
effects on sleep deprivation could be mediated via peripheral
actions of nasal orexin-A on olfactory nerves or other neural
processes (van den Pol, 1999; Kilduff and Peyron, 2000), the
likelihood that such actions would affect the same brain regions
(Fig. 6) as the ampakine CX717 (Porrino et al., 2005) tested in the
same behavioral paradigm, is remote. Such investigation may
reveal new opportunities to use orexin-A and other peptides in
applications related to sleep, as well as in other types of brain
disorders, via a much less invasive route of administration. In
particular, nasal orexin-A administration may be an effective ap-
proach to the treatment of orexin deficiency in narcolepsy (Pey-
ron et al., 2000; Thannickal et al., 2000) and in Parkinson’s dis-
ease (Lee et al., 2005; Fronczek et al., 2007; Thannickal et al.,
2007).
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